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beam and a reinforced concrete slab separated by a series of short, typically wide, ﬂange sections
called stubs. The ﬁnite element method has been used in the analysis of this composite system where
it is capable to represent the constituent parts, adopt adequate elements and use appropriate solu-
tion techniques. As the behavior of stub-girders presents signiﬁcant nonlinear effects, it is funda-
mental that the interaction of all different components should be properly modeled as well as the
interface behavior. The present work focuses on the modeling of stub-girders with full and partial
shear connection in two and three dimensions. The proposed model contains all the main structural
parameters and their associated nonlinearities (concrete slab, steel beam, stubs, and shear connec-
tors). In this model, the shear connectors are modeled as springs to consider the geometry of studs
in addition to the nonlinearity due to the interaction between the shear connector and the concrete
slab. Tests and numerical results available in the literature are used to validate the models. Based onahoo.com (E.-S. Mashaly),
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358 E.-S. Mashaly et al.the proposed ﬁnite element model, an extensive parametric study of stub-girders is performed, con-
sidering the material properties, relative dimensions and shear connector characteristics, where
valuable recommendations and conclusions are achieved.
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The stub-girder ﬂoor system, shown in Fig. 1, is one of the
structural methodologies that attempts to minimize ﬂoor-to-
ﬂoor heights by incorporating services within the structural
depth. The use of the stub girder ﬂoor system generally reduces
the amount of structural steel in the ﬂoor system by about
25%, and the total cost of the ﬂoor system by about 15%
[17,6].
Few researches [9,10] related to the investigation of differ-
ent parameters that could control the behavior of stub girder
ﬂoor system were found. In these researches, some parameters
such as the effect of type of loading, stub location and height
of stub were investigated.
For the analysis of stub girder system, Colaco [7] utilized a
vierendeel modeling scheme for the stub girder to arrive at a
set of stress resultants, which in turn were used to size the var-
ious components. Harbok and Hosain [8] developed a com-
puter program based on the method of substructures to get
the deﬂection of stub girders, based on an assumption of full
interaction between the concrete slab and the stubs. Other
studies have examined approaches such as non prismatic beam
analysis, but it is not accurate as the vierendeel approach, since
it tends to overlook some important local effects and over-
states the service load deﬂections [3,19]. Madros [13] presented
a simple linear analytical method for analyzing the stub-girder
system based on partial-interaction concept under uniform
load. The method treated the stub-girder as a beam with three
distinct layers, which is called the layered beam model. The top
and bottom layers behaved according to the normal beam
bending theory, while the middle layer was a shear layer with-
out any bending stiffness. At the interface between the steel
and concrete elements, the headed stud shear connectors were
modeled as linear elastic built in cantilevers. The method there-
fore smeared the effects of all the contributing elements. Com-
parison of these results with the experimental and numerical
results gave good agreements within elastic range. Wang
et al. [18] presented two different methods to determine the
ultimate load-carrying capacity of stub girders, where full
interaction was assumed between the concrete slab and the
stubs. In the ﬁrst method, the stub girder is modeled as a vier-
endeel truss girder. Based on an assumed collapse mechanism,Figure 1 Components of san explicit expression to calculate the ultimate load is derived.
The second method used the ﬁnite-element software package
ABAQUS for nonlinear analysis of idealized two-dimensional
stub girder models. The two methods furnish results that are in
reasonable agreement with experimental results, for girders in
which the premature failure of shear connectors, the local
buckling of stubs and the main girder, and the longitudinal
shear failure are prevented. Based on the elastic analytical
model presented by Madros [13], the work was extended by
Kasem [11] and Ismail et al. [9,10] through developing a pro-
gram called ‘‘PZA’’. The analysis was in accordance with the
plastic zone theory to consider the material nonlinearity
assuming a linear stud connector slip response.
The PZA was used to analyze three full composite stub-
girders SG5, SG6, and SG7 given by Wang et al. [18]. The
results of program PZA were in good agreement with the
experimental results. The PZA program was used to study dif-
ferent parameters such as the shear connector diameter and the
stub height. Moreover, Kasem [11] and Ismail et al. [9,10] used
the ﬁnite element method to analyze two stub-girders. In the
ﬁrst girder, full composite stub-girder, SG7, a full interaction
between the concrete slab and the stubs was assumed [18]. In
the second girder, BJOR, as reported by Madros [13], the shear
studs were modeled by elastic–plastic beam element to con-
sider the partial interaction between the concrete slab and
the stubs. The results obtained from the ﬁnite element pro-
gram, COSMOS, are in relatively close agreement with the
experimental values for both full composite girder, SG7, and
partial composite girder, BJOR. Also the ﬁnite element pro-
gram was used to study different parameters such as the type
of loading, stub locations and smearing of stubs.
In this study, a ﬁnite element model is utilized in the anal-
ysis of the stub-girder ﬂoor system. The work focuses on the
modeling of stub-girders with full and partial shear connection
in two and three dimensions. The proposed model implements
all the main structural parameters and their associated nonlin-
earities (concrete slab, steel beam, stubs and shear connectors).
In this model the shear connectors are modeled as springs to
consider the geometry of studs in addition to the nonlinearity
due to the interaction between the shear connector and the
concrete. Tests and numerical results available in the literature
are used to validate the models. Based on the validated ﬁnitetub girder ﬂoor system.
Figure 3 Finite element mesh for stub girder with full composite
action.
Figure 4 Finite element mesh for stub girder with partial
composite action.
Behavior of stub girder ﬂoor system with partial shear connection 359element model, an extensive parametric study of stub-girders is
performed, considering the material properties, relative dimen-
sions and shear connector characteristics, where valuable rec-
ommendations and conclusions are achieved.
2. Finite element modeling of stub girder ﬂoor system
In this study, the ﬁnite element package ANSYS [2] is used in
the analysis. Two- and three-dimensional ﬁnite element models
are proposed and examined.
2.1. Two-dimensional model of stub girder (2D model)
2.1.1. Finite element types
2D element (PLANE42) which is suitable for plane stress anal-
ysis is used to model all steel components and the concrete
slab. The thicknesses of the plane stress elements assigned
are equal to the effective width of the concrete slab, ﬂange
widths and web thicknesses of the steel sections as appropriate.
Two cases of composite action for stub girders were simulated.
The ﬁrst case, a full composite action for stub girders, is
achieved by gluing the area of the slab concrete and the areas
of the stub ﬂanges. In the second case, partial composite action
is considered for the stub girder by modeling the studs with
nonlinear spring elements (COMBIN39) represented by the
load–slip curve of studs [12] (Fig. 2). Elastic beams (BEAM3)
are used under the concentrated loads and over the supports to
avoid local yielding. Typical ﬁnite element meshes of the stub
girders for the two cases of composite action are shown in
Figs. 3 and 4.
2.1.2. Material modeling
The von Mises yield criterion with isotropic hardening rule is
used to model the steel components. The steel stress–strain
relationship is elastic–perfectly plastic. The compressive behav-
ior of the concrete slab is modeled by a multilinear isotropic
hardening relationship [5], which uses the von Mises yield cri-
terion. The resulting assumed constitutive relations of the con-
crete and steel are shown in Fig. 5. Where, for steel, fs, es, fsy,
es, and Es are steel stress, steel strain, yield steel stress, yield
steel strain, and steel modulus of elasticity, respectively. While,
for concrete, fc, f
0
c, f
u
t , e
0
c, eu, e
u
t , and e0, are concrete strength in
compression, unconﬁned concrete strength, ultimate tensileFigure 2 The proposed load–slip curve [8].concrete strength, unconﬁned concrete strain, ultimate strain,
ultimate tensile strain, and zero strain, respectively.
2.1.3. Application of loads and numerical control
The load is incrementally applied to the stub girders with full
composite action, utilizing the displacement control method to
overcome divergence problems where there is only one load at
the mid-span (Fig. 3). On the other hand, in the stub girder
with partial connection the load control method is used where
three equal concentrated loads are applied incrementally with
no direct relationship between the displacements at the three
applied loads, as shown in Fig. 4. It is worth noting that diver-
gence and shear connector failure (by monitoring the shear
force at studs) are used as the failure criteria to deﬁne the ulti-
mate load.
2.1.4. Boundary conditions
For partial interaction modeling, the transfer of stresses from
the concrete slab to the top ﬂanges of the stubs can be achieved
by coupling every pairs of coincident nodes at the interface in
the y-direction only while in x-direction spring elements are
used between these coincident nodes. This arrangement allows
slip but prevents overlapping or uplifting between the concrete
slab and stubs. The node at the support was restricted from
moving in the y-direction while all nodes along the surface
of the stub girder at the mid-span were restricted from moving
in the x-direction due to symmetry, where half of stub girder is
analyzed.
2.2. Three-dimensional model of stub girder with partial shear
connection (3D model)
A 3D model is used to represent the stub girder with partial
shear connection which was tested by Bjorhovde and Zimmer-
man [3].
Figure 5 Idealized uniaxial stress–strain relationships. (a) Steel and (b) concrete.
Figure 6 The surfaces of symmetry in the 3D model.
360 E.-S. Mashaly et al.2.2.1. Finite element types
The types of ﬁnite elements used are chosen from the library of
software package ANSYS [2]. Elasto-plastic shell element
(SHELL43), elastic element (SHELL63) and solid element
(SOLID65) are used to model the steel sections, the proﬁled
steel sheet, and the concrete slab, respectively, while nonlinear
spring elements (COMBIN39) are used to model the shear
connectors. Both longitudinal and transverse reinforcement
bars are modeled as smeared throughout the solid ﬁnite ele-
ment (SOLID65). The elastic shell element (SHELL63) is used
to model the stiffener over the support while elastic beam ele-
ment (BEAM3) is used under the concentrated loads through-
out the concrete slab depth to avoid local yielding. The load–
slip curve for the headed studs, obtained from the push-off
tests [12], and the actual number and spacing used in the exper-
iment are utilized in the analysis.
2.2.2. Material modeling
Material modeling is taken as described in the 2D model but
the tensile behavior of the concrete and consequently the crack
failure are taken into consideration, where fut =f
0
c ¼ 0:1. More-
over, the concrete element shear transfer coefﬁcient is consid-
ered as 0.2 for open crack and 0.6 for closed crack [2].
During this study and previous studies [14–16], it has been
found that if the crushing capability of the concrete is turned
on (the elastic modulus is set to zero in all directions so the ele-
ment effectively disappears), the ﬁnite element models fail pre-
maturely where the crushed concrete elements signiﬁcantly
reduce the local stiffness. Finally, the model showed a large
displacement, and the solution diverged. Therefore, in this
study, the crushing capability was turned off (keeping the ele-
ment stiffness limited by the failure surface without eliminating
the element totally at the crushing state).
2.2.3. Application of loads and numerical control
The loads were incrementally applied to the model using the
load control strategy applying the Newton–Raphson proce-
dure. Forces convergence criterion is considered throughout
the analysis. The tolerance associated with this convergence
criterion and the load step increments are varied in order to
solve potential numerical problems. The load control strategy
is adopted due to the existence of several applied loads.
2.2.4. Boundary conditions
In the 3D model studied herein, boundary conditions are used
to imply symmetric behavior in x- and z-directions so that themodel size is quartered (Fig. 6). Hence, all nodes along the sur-
face of the stub girder at mid-span (surface 1) are restricted
from moving in the x-direction due to symmetry. Moreover,
all nodes of the middle surface (surface 2) of the stub girder
section are restricted from moving in the z-directions, where lo-
cal buckling in webs of both stubs and main girder is
prevented.
All coincident nodes at the interface between the concrete
slab and the stub ﬂanges are coupled in the y- and z-directions
only allowing slip in x-direction, while the coincident nodes at
the interface between the concrete slab and the secondary
beams were coupled in the y- and x-directions only allowing
slip in z-direction. The nodes at the support are restricted from
moving in the y- and z-directions.
3. Veriﬁcation of the proposed ﬁnite element models
The proposed two and three-dimensional ﬁnite element models
are veriﬁed and compared with the experimental and the
numerical results available in the literature. The 2D model is
veriﬁed through the simulation of the overall ﬂexural behavior
of four stub girders. The ﬁrst three girders namely, SG5, SG6
and SG7, as reported by Wang et al. [18], are simply supported
and subjected to a concentrated load applied in the mid-span.
In these girders, full interaction between the concrete slabs and
the stubs is assumed. The fourth girder namely, BJOR, as car-
ried out by Bjorhovde and Zimmerman [3], is a simply sup-
ported stub-girder subjected to three points of loads. The
relevant geometrical and material properties of all girders are
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Behavior of stub girder ﬂoor system with partial shear connection 361summarized in Table 1. The 3D model is veriﬁed through the
simulation of the overall ﬂexural behavior of the stub-girder,
BJOR.
3.1. 2D model for full interaction stub-girders (SG5, SG6 and
SG7)
In general the results of the proposed ﬁnite element model
using ANSYS [2], shown in Figs. 7–9 are in good agreement
with the experimental results [18] and the FEM package ABA-
QUS results by Wang et al. [18]. The results obtained show
that the results of the proposed ﬁnite model are conservative
when approaching the ultimate load in stub girders SG5 and
SG7. The results of the numerical model PZA [9,10] are con-
servative until the ultimate load, then the results became non-
conservative, except for the stub girder SG7 where the results
of PZA were in excellent agreement with the experimental
results.
3.2. 2D model for partial interaction stub-girder (BJOR)
As shown in Fig. 10, good agreement between the test results
[3] and the results of the presented 2D model is shown but
the present model gave slightly higher results than the experi-
mental results in the plastic range (11% difference in the ulti-
mate load). This may be attributed to the use of assumed load–Figure 7 Load–deﬂection curves for stub girder (SG5).
Figure 8 Load–deﬂection curves for stub girder (SG6).
Figure 9 Load–deﬂection curves for stub girder (SG7).
Figure 10 Load–deﬂection curves for stub girder (BJOR).
Figure 11 Veriﬁcation of the 3D model with Bjorhovde’s
experimental results.
Figure 12 Comparison between the 2D and the 3D model of
Bjorhovde’s experiment.
362 E.-S. Mashaly et al.slip curve for the shear connectors rather than the real one
which was not available by the experimental work.
A previous research [11] presented an FE model in 2D using
COSMOS software. The proposed model takes into consider-
ation the nonlinear behavior of all materials and the effect of
partial composite action by modeling the stud as an elastic–
plastic beam element ignoring the nonlinear response of the
shear connectors. This model was validated by comparison
against the test results [3]. The results of the present 2D model
using ANSYS [2] are compared with the published results of
COSMOS where good agreement between the two models is
achieved as shown in Fig. 10.
3.3. 3D model for partial interaction stub-girder (BJOR)
As shown in Fig. 11, good agreement between the 3D model
and the test results is achieved till approaching the ultimate
load where the 3D model fails to continue and stopped earlier
with slightly higher ultimate load and smaller corresponding
deﬂection. This is attributed to the numerical divergence prob-
lems associated with the occurrence of cracks in the concrete
slab (when the cracks are not considered, the 3D model has
the ability to continue).
Based on the investigation of the proposed models, it is
clear that the load–deﬂection curves obtained by both the
2D model and the 3D model are identical as shown inFig. 12. Moreover, the run-time and the storage space required
for the 2D analysis are much less than those for the 3D one.
Accordingly, the 2D model is selected for extensive para-
metric study of stub girder, avoiding meshing difﬁculties,
memory requirements, time consuming and numerical diver-
gence problems.
4. Parametric study
4.1. Effect of material properties
In this section, an investigation is performed to assess the sen-
sitivity of the overall response of stub girder (represented by
the load–deﬂection curve including the elastic stiffness, the
strength and the ductility factor which are calculated according
to AISC [1]) to likely variations in material strengths consider-
ing concrete strength and steel strength.
4.1.1. Inﬂuence of concrete strength
Concrete strengths of 25–40 MPa are most common [4],
although the choice also depends on the limit state of the stud
shear connectors. This parameter will be studied through the
use of different concrete compressive strengths in the slab
and in the associated push-out tests represented by the load–
slip curves of shear connectors. The load–slip curves of the
Figure 15 Load–deﬂection curves for variations in steel strength
of all components of stub-girder ﬂoor system.
Behavior of stub girder ﬂoor system with partial shear connection 363shear connectors used in this parametric study for different
concrete strengths (25 and 40 MPa) are shown in Fig. 13. It
is noticeable that the strengths of these shear connectors are
controlled by the concrete strength only whereas the other
parameters of shear connectors were constant.
The effect of the concrete strength is investigated, where the
variation in concrete slab strength is done in conjunction with
variation in concrete strength for push-out specimen. The load
versus mid-span deﬂection curves for different concrete
strengths (25 and 40 MPa) are shown in Fig. 14. It appears
that the concrete slab strength variation has almost no inﬂu-
ence on the elastic stiffness and strength, while an increase of
29% in ductility is achieved with increase in the concrete
strength.
4.1.2. Effect of steel strength
In this study, the effect of the variation of steel strength (rep-
resented by the variation in the value of yield stress only) uti-
lized in the steel components of stub girder will be investigated.
4.1.2.1. Effect of steel strength ofall steel components. As shown
in Fig. 15, the variation of steel strength of all steel compo-
nents (main girder and stubs) is very effective in improving
the behavior of the stub girder in the plastic stage (the start
of yielding and the value of ultimate load), while there is no
change in the initial stiffness which depends on the constant
modulus of elasticity. Accordingly, there is an improvementFigure 13 The load–slip curves of the shear connector for
different concrete strength.
Figure 14 The load versus mid-span deﬂection curves with
variation of the concrete strength.in the stub girder strength with the increase of steel strength
of all steel components with steel strength up to 345 MPa
where the failure of stub girder is controlled by the steel
strength (for this particular dimension of stub girder where it
is designed according to assumption that the failure will start
ﬁrst in the steel main girder [19]), while beyond this limit the
strength of stub girder is controlled by the shear connector fail-
ure (Fig. 17).
4.1.2.2. Effect ofsteel strength of main girder. The steel strength
of main girder is varied while the steel strength of stub compo-
nents is kept constant. As can be seen in Fig. 16, the steel
strength of the main girder plays an important role where an
improvement in the behavior of the stub girder in the plastic
range is achieved with steel strength of main girder up to
415 MPa. After this limit the strength of the stub girder is con-
stant. To improve the strength of the stub girder (BJOR), the
increase of steel strength used in all steel components is the
best choice with steel strength up to 345 MPa, while beyond
this limit the increase of steel strength used in the main girder
is the best choice for this speciﬁc stub girder, as shown in
Fig. 17.
4.2. Effect of relative dimensions
In this section, a study is performed to investigate the effect of
several parameters, related to the layout of ﬂoor system, on the
overall behavior of stub-girder ﬂoor system. The parameters
studied herein are concrete slab depth, height of main girder,Figure 16 Load–deﬂection curves for variations in steel strength
of main girder.
Figure 17 Strength of stub-girder with variation in steel strength
of stub-girder ﬂoor system.
Figure 18 Moment–deﬂection curves for variations of slab depth
for main-girder section W12 · 58.
Figure 20 Moment–deﬂection curves for variations in slab depth
for main-girder section W21 · 101.
Figure 21 Percentage increase in stiffness above the stiffness of
main-girder for variations in slab depth and steel section.
364 E.-S. Mashaly et al.height of stub-to-height of main girder ratio and ﬁnally the
length of exterior stub.
4.2.1. Effect of the concrete slab depth
The effect of variation of the concrete slab depth is studied
with several main girder sections (W12 · 58, W16 · 77 and
W21 · 101), where the results are shown in Figs. 18–20. We
notice that when the depth is increased, there is a good
improvement in the overall behavior of stub girder shown
through an increase in the stiffness for all studied main girders
and an increase in the moment capacity for relatively large
main girder sections. This is expected as an increase in the slabFigure 19 Moment–deﬂection curves for variations in slab depth
for main-girder section W16 · 77.depth would raise the neutral axis of the stub girder, hence
increasing the lever arm of the section.
As shown in Fig. 21, the stiffnesses of the stub girders are
increased by 164.26%, 184.36%, 205.22%, 226.56%, and
244.4% of the stiffness of the used main girder (W12 · 58)
when using 140, 160, 180, 200, and 220 mm concrete slabs,
respectively.
As the steel section of main girder becomes comparatively
deeper, the effect of the concrete slab depth becomes less sig-
niﬁcant as the stiffnesses of the stub girders are increased
by129%, 145%, 161.52%, 177.9%, and 191.35% of the stiff-
ness of the main girder of W16 · 77 section, while these values
are 102%, 115.1%, 128.2%, 140.86%, and 150.85% in case of
main girder of section W21 · 101.
Moreover, Fig. 22 shows the variation of the moment
capacity ratio, MR/MR(steel), for variations in the slab depth
and main-girder section, where MR(steel) is the plastic moment
capacity of the fully restraint steel beam. The study shows an
increase in the moment capacity of stub girder with the in-
crease in concrete slab depth for relatively large main girder
sections, while for typical main girder section (W12 · 58) the
effect of the increase in concrete slab depth over the typical va-
lue (160 mm) is null, where the increase of the concrete slab
depth becomes inefﬁcient with relatively small main girders
as the behavior is controlled by the main girder.
Figure 22 Moment capacity ratio, MR/MR(steel) for variations in
slab depth and main-girder section.
Figure 24 The moment capacity ratio, MR/MR(steel) for varia-
tions of main girder height.
Behavior of stub girder ﬂoor system with partial shear connection 3654.2.2. Effect of change in height of main girder
To study the effect of change in height of main girder, the
overall height of stub girder-to-span ratio is changed from
11.57 to 18.14 while other parameters were kept constant
(the concrete slab depth and the section of stubs). With respect
to the main girder, the ﬂange width, ﬂange thickness and web
thickness are kept constant (180, 15 and 12 mm, respectively).
These values are taken for all stub girders to keep the main gir-
der in classiﬁcation of compact section, Hw/tw and (Bf/2)/tf,
where Hw is the depth of the web, tw is the thickness of the
web, Bf is the width of the ﬂange and tf is the thickness of
the ﬂange, are conformed to the standard American sections,
where the local web buckling does not reduce the plastic
strength of the main girder if the beam depth-to-web thickness
ratio is not larger than 3:76
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
E=fy
p
, where E is the modulus of
elasticity and fy is the yield stress of steel, according to AISC
[1]. So each height of stub girder is investigated on the assump-
tion that no local failure would prevent the bottom chord from
reaching its ultimate capacity.It is clear that the increase in the
main girder height will increase the resistant moment, MR and
stiffness of the stub girder as shown in Fig. 23. However, it is
worth noting that the value of MR/MR(steel) ratio reduces with
the increase of the main girder height, Fig. 24, where the mo-
ment capacity of main girder increases more rapidly than the
overall moment capacity of stub girder with the increase in
the main girder height, hence the composite action is less efﬁ-
cient with relatively large steel sections.Figure 23 Moment–deﬂection curves for variations in main
girder height.Also in Fig. 25, the stiffness of the stub girder is increased
by 288%, 241%, 223%, 198%, 185% and 180% of the stiff-
ness of the main girder with main girder heights 180, 250,
300, 400, 500 and 600 mm, respectively.
4.2.3. Effect of height of stub-to-height of main girder ratio
In this parameter, height of stub-to-height of main girder ratio
is varied (this ratio is taken as 0.75, 1.0, 1.25, 1.50) while the
overall height of stub-girder system and the other parameters
are kept constant. It means that when this ratio increases the
height of main girder decreases. Moreover, this parameter is
studied for different slab depths (160, 180 and 200 mm). As
shown in Fig. 26, the resistance and the ductility factor are al-
most constant, for the stub girders with 160 mm slab depth,
with ratios range from 0.75 to 1.25 while there is no signiﬁcant
decrease in the stiffness for these ratios as shown in Fig. 29. At
stub height-to-main girder height ratio 1.5, the resistance and
ductility factor decreased by 6% and 17%, respectively. Also
Fig. 27 shows the same observation, for stub girders with slab
depth of 180 mm, but the resistance decreases by 12.5% and
the ductility factor decreases by 25% for the ratio of 1.5,
respectively. As can be seen in Fig. 28, the response of stub gir-
der becomes more sensitive to the ratio of height of stub-to-
height of main girder with 200 mm slab depth where the resis-
tance and the ductility factor decrease with the increase of that
ratio. Figs. 30 and 31 show the variation in strength and duc-Figure 25 Percentage increase in stiffness above the stiffness of
main girder for variations in girder height.
Figure 26 Load–deﬂection curves for variations in stub height-
to-main girder height ratio for 160 mm slab depth.
Figure 27 Load–deﬂection curves for variations in stub height-
to-main girder height ratio for 180 mm slab depth.
Figure 28 Load–deﬂection curves for variations in stub height-
to-main girder height ratio for 200 mm slab depth.
Figure 29 Stiffness of stub-girder for variation in stub height-to-
main girder height ratio and slab depth.
Figure 30 Strength of stub-girder for variation in stub height-to-
main girder height ratio and slab depth.
Figure 31 Structural ductility factor of stub-girder for variation
in stub height-to-main girder height ratio and slab depth.
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girder height ratio and slab depth.
Accordingly, it can be concluded that ‘‘the efﬁcient ratio’’ of
stub height-to-main girder height is 1.25 for concrete slab
depths (160 and 180 mm), while this ratio decreases to 0.75
with the increase of concrete slab depth to 200 mm.
The effect of this parameter can be explained as follows: as
the stub height-to-main girder height ratio increases, the main
girder stiffness decreases while the lever arm increases. Both
the decrease in the main girder stiffness (both axial stiffness
and bending stiffness) and the increase in the lever arm balancewith each other, leading to almost constant stub girder
strength and ductility in addition to small decrease in the stiff-
ness, for stub height-to-main girder height ratios lower than a
certain value named as the efﬁcient ratio. For stub height-to
main girder height ratios higher than the efﬁcient ratio, the de-
crease in the main girder stiffness reaches a critical value that
controls failure. This efﬁcient ratio decreases with the increase
of concrete slab depth where failure is controlled by the main
girder, allowing the effect of the stub height-to-main girder
height ratios, higher than the efﬁcient ratio, to be dominant.
Figure 34 Moment–deﬂection curves for variations in stub
girder height for exterior stub with length 7 ft.
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In this section, the effect of the length of the exterior stub is
investigated where this effect controls the behavior of stub
girders as will be shown. That is, the stubs are loaded primarily
in shear, which explains why the interior stubs can be kept so
much shorter than the exterior ones. As a practical guideline
[19,4], the exterior stubs are normally 5–7 ft long but in the
present study the length of exterior stub is varied from 3 to
8 ft, using the same spacing for shear connectors. The length
of exterior stub is increased by decreasing the exterior open
width. This study is implemented with variation of the height
of main girder (180, 250, 300, 400, 500 and 600 mm) and other
parameters are kept constant.
The moment–deﬂection curves, with variation in the exte-
rior stub length for various main girder heights, are plotted
in Figs. 32–35. These curves show a marked improvement in
the overall response for all heights of main girder due to an in-
crease in the length of exterior stub. Fig. 36 shows an average
increase in the stub girder resistance 33.6% for each foot in-
crease in the exterior stub length up to exterior stub 7 ft long,
beyond which full composite action could be achieved. More-
over, Fig. 37 shows an increase in the stiffness of the stub gir-
der by increasing the length of exterior stub.Figure 32 Moment–deﬂection curves for variations in stub
girder height for exterior stub with length 3 ft.
Figure 33 Moment–deﬂection curves for variations in stub
girder height for exterior stub with length 5 ft.
Figure 35 Moment–deﬂection curves for variations in stub
girder height for exterior stub with length 8 ft.
Figure 36 Resistance of stub girders with variations in exterior
stub length and height of main girder.From the previous ﬁgures, it is worth noting that for stub
girder with 250 mm main girder height with 7 ft exterior stub
length can provide higher resistance than that of the stub gir-
der with 300 mm main girder height and 5 ft exterior stub
length with the same stiffness. Therefore, more economical siz-
ing of the main girder can be achieved with an increase of the
exterior stub length. This improvement in the resistance and
Figure 37 Stiffness of the stub girder with variations in the
length of exterior stub and the main girder height.
Figure 39 Load–deﬂection curves for different load–slip curves
of shear connectors.
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attributed to the increase in the shear force transferred by
the exterior stub which helps to develop more composite action
between the concrete slab and the main girder.
Finally, it is worth noting that the section at the exterior
end of exterior stub is one of the three potentially governing
sections of the girder as well as the sections at the mid-span
and at the exterior end of interior stub [3,19,4]. This fact can
be used as an additional reason to justify the improvement
in the resistance of stub girder which occurs with the increase
in the exterior stub length, leading to a decrease in the length
of exterior open width.
4.4. Effect of shear connector characteristics
In this section, the effect of shear connector stiffness and the
effect of stud spacing are studied.
4.4.1. Effect of stiffness of shear connector
The inﬂuence of the shear connector stiffness is studied consid-
ering different stud stiffnesses. These stiffnesses (k) are taken
as a ratio (0.5, 1.5, 2, 2.5, 5 and 10) of the stiffness (k0) of
the shear connector used for BJOR stub girder.
As shown in Fig. 38, it is worth noting that the increase in
the stiffness of studs is associated with the increase in stud
resistance.Figure 38 Load–slip curves with different stud stiffness.The numerical results for different stiffness values are
shown in Fig. 39 which conﬁrms that the stiffness of the shear
connector is a main factor in the composite action that raises
the resistance and the stiffness of the stub girder system. As
shown from Fig. 39, there is a certain value of stud stiffness
(k/k0 = 1.0 in this studied case) after which the stub girder
resistance becomes constant while the increase in the stub gir-
der stiffness is very small, Fig. 40, where full composite action
is almost achieved.
4.4.2. Effect of the shear connector spacing at exterior stub
To investigate the effect of spacing of shear connectors at the
exterior stub, the number of shear connectors distributed along
the exterior stub is varied (15, 10, and 5 pairs of studs). In
Fig. 41, the load–deﬂection curves conﬁrm that as the number
of the studs at exterior stub decreases, the stub girder strength
decreases where the total horizontal shear force transferred
throughout the stub decreases, weakening the composite ac-
tion. As shown in Fig. 42, it is clear that when the number
of studs at the exterior stub is the typical number considering
the design formulas [19] (15 pairs of studs), the stub girder fail-
ure does not occur due to stud failure though care must be ta-
ken for studs of interior stub where the stud forces are biggerFigure 40 Initial stiffness of stub girder with variation in
stiffness of shear connectors.
Figure 41 Load–deﬂection curves for variations in spacing of
shear connectors at exterior stub.
Figure 42 Shear force of studs along the stub girder at the
ultimate load for variations in spacing of shear connectors at the
exterior stub.
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creased, the stub girder failure occurs due to the failure of
studs at the exterior stub.
In this context it is important to observe that the shear force
distribution is almost constant along the length of both of the
exterior and interior stubs, leading to distribute the shear con-
nectors uniformly along the length of the stubs.
5. Conclusions
Analytical two and three dimensional ﬁnite element models
have been developed in order to study the behavior of compos-
ite stub-girders with full and partial shear connection. From
the analyses performed for the stub-girder ﬂoor system in
two and three dimensions, the following conclusions are
drawn:
(1) The results obtained from the 2D model, for the stub
girders with full and partial shear connection, are in
good agreement with the previous experimental and
numerical results.
(2) The results obtained from the 3D model, for the stub
girder with partial shear connection, exhibit good corre-lation with the available experimental results in the liter-
ature till approaching the ultimate load where the 3D
model failed to continue and stopped earlier with
slightly higher ultimate load and smaller corresponding
deﬂection. This is attributed to the numerical divergence
problems associated with the occurrence of cracks in the
concrete slab. Moreover, it was noticed that if the crush-
ing capability of the concrete is turned on (the elastic
modulus is set to zero in all directions of the crushed ele-
ment so the element effectively disappears), the ﬁnite ele-
ment model fails prematurely where the crushed
concrete elements signiﬁcantly reduce the local stiffness.
Therefore, in the study of such type of ﬂoor system, the
crushing capability is turned off (keeping the element
stiffness limited by the failure surface without eliminat-
ing the element totally at the crushing state). This strat-
egy is justiﬁed because the crushed elements in the
concrete slab as approaching the ultimate load are very
few, while cracking of the concrete is enabled whereas
large number of cracked elements in the concrete slab
is found along the main girder at failure.
(3) Based on the investigation of the proposed models, it is
clear that the load–deﬂection curves obtained by both
the 2D model and the 3D model are identical. Accord-
ingly, the 2D model is recommended for the parametric
study.
(4) The variation of the concrete strength in both the push-
out test and concrete slab has a small inﬂuence on the
behavior of stub girder, whereas there is almost no dif-
ference in the elastic stiffness and strength, while
increase in ductility is achieved with increase in the con-
crete strength.
(5) With the increase of the concrete slab depth, there is a
good improvement in the overall behavior of stub girder
shown through an increase in the stiffness for all studied
main girders and an increase in the moment capacity for
relatively large main girder sections only, where the
increase of the concrete slab depth becomes inefﬁcient
with relatively small main girders as the behavior is con-
trolled by the main girder.
(6) There is an efﬁcient ratio of stub height-to-main girder
height under which there is almost no change in the stub
girder strength and ductility with the increase of the stub
height-to-main girder height ratio, while there is small
decrease in stiffness. For an increase in stub height-to-
main girder height ratios, higher than the efﬁcient ratio,
the stub girder strength and ductility decrease signiﬁ-
cantly with small decrease in stiffness. The efﬁcient ratio
of stub height-to-main girder decreases with the increase
of concrete slab depth.
(7) It can be concluded that more economical sizing of the
main girder can be obtained with increasing the exte-
rior stub length. An average increase in the stub girder
resistance 33.6% for each foot increase in the exte-
rior stub length is achieved up to exterior stub 7 ft
long. Moreover, an increase in the stiffness of the stub
girder is obtained by increasing the length of exterior
stub.
(8) There is a certain value of stud stiffness, for each studied
case, after which the stub girder resistance becomes con-
stant while the increase in the stub girder stiffness is very
small, where full composite action is almost achieved.
370 E.-S. Mashaly et al.(9) When the number of studs at the exterior stub is the typ-
ical number considering the design formulas, the stub
girder failure does not occur due to stud failure. When
the number of studs is decreased, the stub girder failure
occurs due to the failure of studs at the exterior stub.
Also, it is important to observe that the shear force dis-
tribution is almost constant along the length of both of
the exterior and interior stubs, supporting the common
practice to distribute the shear connectors uniformly
along the length of the stubs.
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